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 Finite-time thermodynamics is the extension and generalization of 
classical thermodynamics. It is a new branch of the modern thermodynamics. 
To find the minimum irreversible loss under a finite time constraint is a main 
task in finite time thermodynamics, and thus the concepts of entropy and 
exergy are always involved. In this paper, the theory of finite-time 
thermodynamics and the method of exergy analysis are used to investigate the 
optimum performance of a multi-stage irreversible combined refrigeration 
system. Firstly, a general cycle model of a multi-stage irreversible combined 
refrigeration system is established. The influence of thermal resistance, heat 
leak and internal irreversibility of the working fluid on the performance of the 
cycle system is studied. The fundamental optimum relation between the 
coefficient of performance and the dimensionless cooling rate is derived. 
Secondly, based on the fundamental optimum relation, exergy concept，and 
exergy analysis method, the optimal performances related to the exergy of the 
refrigerator，such as the rate of exergy output，the efficiency of exergy output，  
and the rate of exergy loss, are discussed. The characteristic curves relative to 
these parameters are presented and expounded. A novel and useful 
performance bound is obtained. Finally, the ecological function E  is taken as 
an objective function for further optimization. Some significant discussions are 
done. The results show that the state of the maximum ecological function is 
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cycles. 
 The results obtained here are quite general. They may be used to discuss 
the optimal performance of an arbitrary-stage reversible, endoreversible, and 
irreversible combined refrigeration system as long as one chooses suitably the 
values of the main parameters in the cycle model. And consequently, they 
provide some new theoretical bases for the optimal design and the selection of 
optimal operating condition of real refrigeration systems. 
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的。Curzon 和 Ahlborn 于 1975 年发表了《最大功率输出时卡诺热机的
效率》一文[1]导出了工作于 Th 和 Tc两热源间受热阻影响的卡诺热机在
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hT 和 cT 的高、低温热源之间，如图 2.1 所示。系统中第i级循环工质放
出的热量通过热交换器全部被第（ 1−i ）级循环工质吸收。假设每级循
环由两个等温过程和两个绝热过程组成，且循环中的工质作稳定流动。
图2.1中的 iq 和 1+iq 分别是第i级制冷循环的放热率和吸热率， Lq 是从高
温热源到制冷空间的的热漏率， iT2 和 12 +iT 分别是第i级制冷循环在高、
低温等温过程中工质的温度， hTT =1 和 cn TT =+22 分别是高、低温热源
的温度， iU 和 iF 分别是第i个热交换器的传热系数和传热面积，P 是整
个循环系统所需要的输入功率。由n台制冷机串接的耦合循环系统共有















  Lh qqq −= 1                                        （2.2） 
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  )1 ..., ,2 ,1(      ),( 122 +=−= − niTTFUq iiiii              (2.4) 
  )( chLL TTkq −=                                    (2.5) 





















           (2.7) 
应用上述循环模型所得到的方程，可讨论任意级不可逆耦合（ 1>I ）和
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 )1(1 −= τxKTq h                                       （3.8） 
 
Ix
qqn 11 =+                                            （3.9） 
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τε                     （3.13） 














ki L      （3.14） 
时，制冷系数达最大值，其中规定 11 =+nI 。 


























i L      （3.15） 
把式（3.15）代入K 的表达式（3.7），可得 




















 为方便起见，我们令无量纲制冷率 cUFTRr /=  ，无量纲输入功率
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ε                         （3.16） 
式（3.16）为多级不可逆耦合制冷循环的基本优化关系式，由此关系式
可画出多级耦合制冷循环的一般性能特性曲线，如图 3.1 所示。图中曲
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